Using density functional theory combined with orbital-selective band unfolding techniques, we study the effective band structure of silicene (3 × 3)/Ag(111) (4 × 4) structure. Consistent with the ARPES spectra recently obtained by Feng et al. [Proc. Natl. Acad. Sci. 113, 14656 (2016)], we observe six pairs of Dirac cones near the boundary of the Brillouin zone (BZ) of Ag(1×1), while no Dirac cone is observed inside the BZ. Furthermore, we find that these Dirac cones are induced by the interfacial Si-Ag hybridization, mainly composed of Si pz orbitals and Ag sp bands, which is intrinsically different from the Dirac cones in free-standing silicene.
I. INTRODUCTION
Silicene is a promising candidate material for developing next generation field effect transistors [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , valleytronic devices and quantum spin Hall devices [36] [37] [38] [39] [40] [41] , thanks to its relatively strong spin-orbital coupling and compatibility with silicon based technology. These applications are closely associated with the presence of Dirac electrons in free-standing silicene predicted from theory [42] .
Although free-standing silicene possess Dirac cone band structures, the existence of Dirac cones in supported silicene is heavily under debate in experiment, especially for the most common system experimentally probed: silicene synthesized on Ag(111) [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] . Due to the strong Si-Ag interaction, different silicene structures are formed on the Ag substrate, such as 3×3, √ 3 × √ 3, 2 √ 3 × 2 √ 3 and √ 17 × √ 17. Among these phases, the most common silicene structures are the 3×3 phase and the √ 3 × √ 3 phase, which can be grown by changing the substrate temperature [45] . Although the 3 × 3 phase forms on a Ag(111) substrate, as more Si atoms are deposited the structure reconstructs into the √ 3× √ 3 phase and forms multilayers. Therefore, although 3 × 3 can be regarded as stable at low temperatures, it is an intermediate phase and it eventually reconstructs into the √ 3 × √ 3 phase in ambient conditions. The √ 3 × √ 3 phase has the lowest energy per surface area, which also suggests that it is the most stable phase at high Si coverage. It also has better agreement with experimental observations of multilayer silicene. [58, 59] The atomistic structures of these two phases are studied with density functional calculations [43, 44, [58] [59] [60] . Since the 3×3 phase (abbreviated as Si/Ag hereafter) is commonly synthesized and generally accepted, whether the Dirac cone exists in 3×3 phase is quite important but still under debate. Several experiments including scanning tunneling * smeng@iphy.ac.cn . spectroscopy (STS) [44, 48] and angle-resolved photoemission spectroscopy (ARPES) studies [43] suggest that the Dirac cone structure is preserved in Si/Ag. In contrast, density functional theory (DFT) and other experimental studies [52, [61] [62] [63] claim that the opposite is true: the Dirac cone is absent in Si/Ag, due to the strong SiAg interaction and significant charge transfer between Si and Ag layers. To maintain Dirac cone band structures, efforts are being made to peel the free-standing silicene off the metal substrate where silicene was originally grown. However, directly removing the Ag substrate is technically difficult [1] . Quite surprisingly, Feng et al. recently reported Dirac cone pairs in Si/Ag [64] . In their ARPES measurements, six pairs of Dirac cones ( Fig. 1) are observed at the edge of the Ag(1×1) Brillouin zone (BZ) [ Fig. 2(c) ]. The Dirac cone pairs remain even with the presence of the Ag substrate. This study not only proposes a recipe to achieve silicene-based high speed electronic devices, but also suggests mechanisms of the formation of Dirac cone electronic structures. Unfortunately, the authors pointed out that the experimental observation can-not be explained in terms of existing band structure calculations. In addition, the underlying mechanism of the formation of Dirac cone structures in Si/Ag is still illusive.
In the present work we reproduce the ARPES observation of Dirac cones based on first-principles DFT calculations combined with orbital-selective band unfolding techniques. We demonstrate the presence of six pairs of Dirac cones near the boundary of the Brillouin zone (BZ) of Ag(1×1). Our theoretical results are highly consistent with experimental data presented in the ARPES study, except that we find evidence for the upper branches of Dirac cones being absent in both intact and doped systems. We find that the Dirac cones are not the intrinsic properties of either silicene itself or the underlying Ag slab. Instead, these Dirac cones are induced by the strong interface Si-Ag hybridization, mainly composed of Si p z orbitals and Ag sp bands, which are radically different from the Dirac cones of free-standing silicene.
II. METHODS
To reveal the key factors underlying the ARPES experiments, first-principles DFT calculations are performed to reproduce the ARPES spectra. We note that the energy bands from regular DFT calculations are different from the ARPES spectra in three aspects: (i) For the systems containing translational symmetry breaking, e.g. reconstructions or impurities, a supercell (SC) approach is usually adopted in DFT band calculations. Then DFT bands are folded into the supercell Brillouin zone, namely the Brillouin zone associated with the supercell symmetry, while the ARPES measurements still span over the primitive cell (PC) Brillouin zone.
(ii) The DFT bands are often referred to the energy dispersion relation E(k). However the ARPES spectra are related to the spectral function A(k, ε), which is reduced to E(k) only in the picture of the single-particle Green function.
(iii) The DFT bands always comprise all electronic states of the cell under computation, including contributions from both the surface and the underlying substrate. By contrast, ARPES is mainly a surface sensitive technique, only the electronic states near the surface contribute to the ARPES spectra.
To bridge the gap between DFT bands and measured ARPES spectra, band unfolding is used to calculate the effective band structure (EBS) of the SC [65, 66] , in response to statement (i) and (ii). With respect to (iii), an extra weight function W (N, K) is invoked to realize the orbital selection rules. By selecting the orbitals of surface atoms, we obtain the EBS originated from the selected surface atoms, which are directly comparable to the measured ARPES spectra.
We rewrite the electronic wavefunction |Ψ N,K from SC calculations in the basis of PC wavefuncitons |ψ n,ki . Here we use capital letters to denote quantities associated with SC and lowercase letters for quantities associated with PC:
where N denotes the band index and k i = K + G (G is the reciprocal vector of SC). Using the Blöch theorem and the plane-wave basis, |ψ n,ki and |Ψ N,K can be written as:
where |u(r) is the Blöch function and C(G) is the coefficient of the Bloch function on the plane-wave basis. The spectral function is:
where
In the derivation of Eq. 5, Eqs. (2) and (3) are used. Details can be found in Ref. [65] . Since only C N,K is needed in Eq. (5), only the SC wavefunction is calculated. To achieve a selection of orbitals from specific atoms, we introduce an extra weight function W (N, K) in calculating the spectral function, which is modified as
In principle, the choice of W (N, K) is arbitrary. Here, we set W (N, K) to be the projected density of states (PDOS) of certain orbitals D(N, K, {η i }). Thus, the spectral function in Eq. (6) describes the EBS contributed by the orbitals in {η i }. Our code is based on the BandUP code [66, 67] and we modify it to include the partial projections.
The first principles calculations are performed with the Vienna Ab initio Simulation Package (VASP) [68] [69] [70] . The projector augmented-waves method [71] and Perdew-Burke-Ernzerhof exchange correlation [72] are used. The plane-wave cutoff energy is set to be 250 eV. The vacuum space is set to be larger than 15Å. The Brillouin zone is sampled using a Monkhorst-Pack scheme [73] . We use a k -point mesh of 6 × 6 × 1 for structural optimization and 12 × 12 × 1 in the self-consistent calculations. Using the conjugate gradient method, the positions of atoms are optimized until the convergence of the force on each atoms is less than 0.005 eV/Å.
III. RESULTS AND DISCUSSION
As shown in Fig. 2 , We model silicene supported on Ag(111) with a four-layer Ag slab covered by a monolayer of silicene. The initial structure is set to be 3×3 reconstructed phase manually. After geometry relaxation, the Si layer on the Ag slab exhibits 3×3 periodicity with respect to the free standing silicene 1 × 1 structure with atomic reconstructions. The lattice constants are a = b = 11.76Å, c = 27.57Å and α = 60, β = 90, γ = 90. The average Si-Ag bond distance is about 2.7Å, lying in between the values for the Ag-Ag bond length of 2.92Åand the Si-Si bond length of 2.36Å. It indicates that a strong Si-Ag interaction could take place once Si atoms are deposited onto Ag(111). Thus, three major ingredients can alter the electronic properties in Si/Ag as compared to freestanding silicene: (i) the 3 × 3 reconstruction of silicene; (ii) the electron transfer between Si layer and Ag substrate; and (iii) the orbital hybridization between Si and Ag atoms. This complexity leads to the possibility of forming Dirac cones of different origins: (i) Dirac cones coming from the bare reconstructed silicene with possible doping; (ii) from bare Ag substrate; (iii) from band renormalization induced by strong Si-Ag hybridization.
To explore the underlying mechanism of the Dirac cone pairs observed in ARPES, we first isolate the contributions of Si and Ag to the band structure of the composite system, by projecting the EBS on different layers of Si/Ag and comparing to those for isolated silicene and the Ag(111) slab. The EBS of Si/Ag are projected on the Si layer, and on the first layer and the fourth layer of the Ag(111) slab, as shown in Fig. 2(c) . Here we denote the EBS of X (X = Si/Ag, silicene, or Ag slab) projected onto the Y atomic layer (Y = Si, Ag first layer, or Ag fourth layer) as EBS(Y @X). The difference between EBS(Si layer@Si/Ag) and EBS(silicene) is that the former includes the influence from the Ag substrate while there is none in the latter. Similarly, the comparison between EBS(Ag layer@Si/Ag) and EBS(Ag slab) reveals the effect of the Si layer on the Ag slab.
The cone pairs reported in ARPES locate at the edge of the BZ of Ag(1 × 1), which can be measured directly along cut A and B in Fig. 2(c) , the same cut as those used in the experiment. The EBS along cut A and B are shown in Fig. 3 . Figure 3 (a) and (f) shows the EBS(Si layer@Si/Ag) along cut A and cut B, respectively. The spectra simulated for the EBS(Si layer@Si/Ag) using band unfolding techniques described above show an excellent agreement with the experimental ARPES spectra. Both theoretical and experimental spectra show an evident peak-valleypeak feature in Fig. 3(a) . The peaks are claimed to come from a pair of Dirac cones in the ARPES measurement [64] . The features of EBS(Si layer@Si/Ag), EBS(Ag slab) and EBS(silicene) are summarized in Table I . The Dirac cones in silicene/Ag(111) are radically different from the Dirac cones in free-standing silicene in two major aspects. First, these cones in Si/Ag are not strictly linear in energy dispersion, which is akin to a gapped cone. Nevertheless, the effective electron masses near the cones are calculated to be very small, only 4.3 × 10 −3 m e fitted to the data in Fig. 3(a) , where m e is the mass of a free electron. With the presence of such low-mass quasiparticles, it is a promising material 
EBS
Si layer@Si/Ag(Å) Ag slab Silicene Cut A peak-valley-peak plateau peak Cut B peak-valley-peak valley peak Cut E no feature no feature cones Cut F no feature no feature cones to build high-speed electronic devices. Second, the upper branches of the cones are absent. As shown in Figs. 3(a)-3(f), the upper branch of the Dirac cones brought by strong Si-Ag hybridzation is not clearly visible in our theoretical band analysis. It might be shifted to higher energy above the Fermi level or is further mixed with other Si/Ag bands, thus being hidden in the background of unoccupied effective bands. Motivated by experiments [64] , the upper branch of the Dirac cone pairs may be tuned by potassium doping. Thus, we dope one potassium atom in the Si(3×3)/Ag(4 × 4) supercell. The K-K distance is 11.76Å, sufficiently large to avoid the K-K interaction. The EBS is only downshifted by 0.15 eV without modifications to its overall shape (Fig. 4) , indicating pure electron doping induced by potassium. Thus, strictly speaking, these Dirac cones are Dirac-like gapped half cones. Note that these Dirac cone pairs only exist in 3 × 3 phase. No Dirac cone pair is observed in our EBS study of the of √ 3 × √ 3 phase [60] . To reveal their origin, we find that the Dirac cone fea- tures in the EBS plot of Si/Ag come from strong SiAg hybridization. Since the weight function in Eq. 6 is the PDOS of the selected orbitals, the similarity between EBS(Si layer@Si/Ag) and EBS(Ag first layer@Si/Ag) indicates a strong hybridization between the Si layer and the first Ag layer. The Dirac cones become less obvious in the EBS(Ag fourth layer@Si/Ag), which is similar to EBS(Ag slab), due to the weaker interaction between the Si layer and the fourth Ag layer. Our detailed analysis also indicate that the Dirac cones are primarily contributed by Si p z orbitals and its hybridization with Ag sp orbitals [ Fig. 5 ].
In addition, we note that the EBS(Ag slab) is largely upwards shifted for comparison, which indicates a strong electron transfer from Si layer to Ag slab in the supported monolayer silicene on Ag(111). Therefore, the observed Dirac cones in Si/Ag are the combined result of hybridization and electron transfer between the Si layer and the Ag layer.
These Dirac cones do not originate solely from the bare silicene or bare Ag slab. First, since the intrinsic Dirac cone is folded onto the Γ point in the BZ of Si(3 × 3), it is counter-intuitive that only six pairs of Dirac cones are observed at the edge of the Ag(1 × 1) BZ, instead of at the edge or center of the BZ for Si(1×1) or Si(3×3). It is predictable that there are gapped cones in EBS(silicene) at the the middle of cut B, the M and M 0 along cut E, and at K 0 along cut F. Our calculations of EBS(silicene) verify this prediction [Figs. 3(j), 6(e), and 6(j)]. However, strongly influenced by the Ag slab, no Dirac cone is observed at these points in both experimental and our simulated ARPES spectra.
We note EBS(Si layer@Si/Ag) are radically different from EBS(silicene). At k = 0 of cut B, EBS(Si layer@Si/Ag) is valley-like while EBS(silicene) presents a peak-like feature. This Dirac cones at M, M 0 and K 0 point are also absent in EBS(Si layer@Si/Ag). Thus, the cones in EBS(Si layer@Si/Ag) are different from the gapped cone in EBS(silicene).
Second, there is no cone in EBS(Ag slab) along cuts A and B. As shown in Figs. 3(d) and 3(j) and Table I , the EBS(Ag slab) shows a plateau along cut A and a single valley along cut B. Thus, the cones in EBS(Si layer@Si/Ag) are absent in EBS(Ag slab). Moreover, the Ag slab has a strong signal near the Fermi level along cuts E and F. EBS signals are weak in EBS(Si layer@Si/Ag), and become stronger when the Ag contribution increases (Ag fourth layer@Si/Ag layer). These bands are similar to the EBS of bare silver slab. The similarity between the EBS of Si/Ag and that of a bare Ag slab shows that the EBS of Si/Ag are dominated by the Ag substrate, but also are being strongly modified by the presence of the Si layer. The screening of the Si layer explains the obscure signals along cut E in experimental ARPES results.
IV. CONCLUSION
Using the density functional theory combined with the orbital-selective band unfolding technique, we study the effective band structures (EBS) of Si(3 × 3)/Ag(4 × 4). Consistent with the ARPES measurement recently reported by Feng et al. [64] , we observe six pairs of Dirac cones near the boundary of the Brillouin zone (BZ) of Ag(1×1), while no Dirac cone is observed inside the BZ. We find that Dirac cones are not the intrinsic properties of the silicene or the Ag slab; instead, these Dirac cones are emergent phenomena induced by the strong Si-Ag hybridization; they are composed of Si p z orbitals and Ag sp orbitals, radically different from the Dirac cones of free-standing silicene. This study clarifies the nature of Dirac electrons in the composite silicene/Ag(111) system, and hints that a range of new quasiparticles and emergent phenomena could be employed by delicate interface engineering.
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